Tabun (O-ethyl-N,N-dimethyl phosphoramidocyanidate) is one of the highly toxic organophosphorus compounds misused as chemical warfare agents for military as well as terroristic purposes. It differs from other highly toxic organophosphates in its chemical structure and by the fact that the commonly used antidotes (atropine in combination with an oxime) are not able to sufficiently eliminate its acute toxic effects.
INTRODUCTION
Despite the entry into force in April 1997 of the Chemical Weapons Convention forbidding the production, storage and use of chemical warfare agents, the world has seen a rapid proliferation of such agents (Bajgar 2006) . Highly toxic organophosphorus compounds, called nerve agents, are now considered t o be the most dangerous chemical warfare agents. They pose potential neurotoxic threats to both military and civilian populations (as evidenced by terroristic attacks in Japan (Ohtomi et al. 1996) ). Nerve agents exert their toxic effects by phosphonylation and subsequent inactivation of acetylcholinesteraserase (AChE, EC 3.1.1.7). The inactivation of this enzyme allows the accumulation of acetylcholine (ACh) in the synaptic terminals of the central and peripheral nervous systems with subsequent widespread o verstimulation of the cholinergic receptors (Marrs 1993 , Taylor 1996 .
The current antidotal treatment of organophosphorus agent-induced acute poisoning usually consists of anticholinergic drugs to antagonize the effects of acetylcholine excess at cholinergic receptor sites, and oximes to reactivate organophosphorus agent-inhibited AChE. In addition, anticonvulsive drugs, preferably benzodiazepines, are currently used in antidotal treatment to control centrally mediated seizures and tonic-clonic convulsions (Kassa 2002 , Taylor 1996 . Unfortunately, some organophosphorus compounds have been found to be resistant to standard antidotal treatment. One of the most resistant organophosphorus compounds is tabun (ethyl-N,N-dimethyl phosphoramidocyanidate). Its deleterious effects are extraordinarily difficult to counteract because of the existence of a free electron pair located on amidic nitrogen that makes a nucleophilic attack of oximes almost impossible Bajgar 1999, Eto 1976) .
Tabun is able to cause c entrally mediated seizure activity that can rapidly progress to status epilepticus and contribute to profound brain damage. The exposure of experimental animals to tabun in convulsion-induced doses may result in irreversible lesions in the central nervous system that can be manifested as behavioral effects in convulsing survivors (Jokanovic 1993) . Therefore, the ability of antidotes to counteract the acute neurotoxic effects of tabun and prevent tabunpoisoned organisms from irreversible lesions in the central nervous system is very important for the successful antidotal treatment of acute tabun poisonings. The oximes are more potent in the peripheral compartment than in the central compartment due to their poor penetration into the central nervous system. N evertheless, there are published results demonstrating the penetration of oximes into the central nervous system and subsequent reactivation of nerve agent-inhibited AChE in the brain (Cassel et al. 1997 , Sakurada et al. 2003 . Although the rate of reactivation of nerve agent-inhibited AChE in the brain is lower compared to the peripheral compartment, it is very important for the survival of nerve agent-poisoned organisms (Marrs 1993 , Kassa 2002 .
As the ability of currently used monopyridinium (e.g. pralidoxime) and bispyridinium oximes (e.g. obidoxime, HI-6) to eliminate toxic effects of tabun is generally rather low (Kassa et al. 2005) , the replacement of the commonly used oximes (pralidoxime, obidoxime) as well as H oximes (the oxime HI-6) with a more effective oxime has been a long-standing goal for the treatment of tabun poisoning (Dohnal et al. 2005) . New asymmetric bispyridinium oximes, called K027 [1-(4-hydroxyiminomethyl pyridinium)-3-(4-carbamoylpyridinium) propane dibromide] and K048 [1-(4-hydroxyiminomethyl pyridinium)-3-(4-carbamoylpyridinium) butane dibromide] were synthesized at our Department of Toxicology (Kuca et al. 2003a, b) (Figure 1 ) to improve the efficacy of antidotal treatment in reactivating tabun-inhibited AChE and eliminating the acute lethal toxic effects induced by tabun. In addition, another oxime called trimedoxime (1,3-bis (4-hydroxyiminomethyl pyridinium) propane dibromide) (Figure 1 ) (Poziomek et al. 1958) The aim of this study was to evaluate the neuroprotective effects of a currently available oxime trimedoxime and newly developed oximes (K027, K049) in combination with an anticholinergic drug, atropine, in tabun-poisoned rats. The tabun-induced neurotoxic signs were determined using a functional observational battery: a non-invasive and relatively sensitive type of neurological examination in that a wide range of neurobiological functions including measurements of sensory, motor and autonomic nervous functions are assessed.
MATERIAL AND METHODS
Male albino Wistar rats weighing 180-220g were purchased from Konárovice (Czech Republic). They were kept in an air-conditioned room and allowed access to standard food and tap water ad libitum. The rats were divided into groups of eight animals (N=8). Handling of the experimental animals was done under the supervision of the Ethics Committee of the Faculty of Military Health Sciences in Hradec Kralove (Czech Republic).
Tabun was obtained from the Military Technical Institute in Brno (Czech Republic) and was 95% pure. Its purity was assayed by acidimetric titration. Trimedoxime and the newly developed oximes (K027, K048) of 98.5% purity were synthesized at the Department of Toxicology of the Faculty of Military Health Sciences in Hradec Kralove (Czech Republic). Their purity was analysed using HPLC. All other drugs and chemicals of analytical grade were obtained commercially and used without further purification. All substances were administered intramuscularly (i.m.) at a volume of 1 mL/kg body weight (b.w.).
Tabun was administered at a lethal dose (270 mg/kg b.w. -120% LD 50 ). One minute following tabun challenge, the rats were treated with atropine (21 mg/kg b.w.) alone or in combination with trimedoxime, K027 or K048 at equimolar doses corresponding to 10 μmol/kg b.w. The control rats were administered with saline instead of tabun and antidotes at the same volume. The neurotoxicity of tabun was monitored using the functional observational battery at 24 h ours and 7 days following tabun poisoning. The evaluated markers of tabun-induced neurotoxicity in experimental animals were compared with the parameters obtained from the control rats.
The functional observational battery consists of 47 measurements of sensory, motor and autonomic nervous functions. Some of them are scored, the others are measured in absolute units , Moser and 1997 (Table 1 ). The first evaluation was obtained when tabun-poisoned or control rats were in the home cage. The observer evaluated each animal`s posture, palpebral closure and involuntary motor movements. Then, each rat was removed from the home cage and briefly held in the hand.
The exploratory activity, piloerection and other skin abnormalities were noted, and salivation and nose secretion were also registered and scored.
Then, the rats were placed on a flat surface which served as an open field. A timer was started for three minutes during which the frequency of rearing responses was recorded. At the same time, gait characteristics were noted and ranked, and arousal, stereotypy, bizarre behaviors and abnormal posture were evaluated. At the end of the third minute, the number of fecal boluses and urine pools on the absorbent pad was registered. A reflex testing consisting of recording each rat`s response to the frontal approach of the blunt end of a pen, a touch of the pen to the posterior flank and an auditory clic stimulus was also used. The responsiveness to a pinch on the tail and the ability of pupils to constrict in response to light were then assessed. These measures were followed by a test for the aerial righting reflex and by the measurements of forelimb and hindlimb grip strength, body weight, rectal temperature and finall hindlimb landing foot splay. The whole battery of tests required approximately 6-8 minutes per rat. The observer of the behaviour did not know about the design of the experiments.
Motor activity data were collected shortly after the end of the functional o bservational battery, using an apparatus for testing of the spontaneous motor activity of laboratory animals (constructed in the Faculty of Military Health Sciences, Hradec Kralove, Czech Republic). The animals were placed for a short period (10 minutes) i n the measuring cage and their movements (total, horizontal and vertical activity) were recorded. Data collected with the functional observational battery and motor activity assessment, include categorial, ordinal and continuous values. Their statistical analyses were performed on a PC with a special interactive programme NTX (Roth et al. 1962 ). The differences were considered significant at the level 2alpha=0.05.
RESULTS
Only three non-treated tabun-poisoned rats survived till the end of the experiment (7 days following the intoxication); five non-treated tabunpoisoned rats died within 2 hours following tabun Symbols as in Table 2 challenge. While most tabun-poisoned rats (six or seven) treated with atropine in combination with one of the tested oximes survived till the end of the experiment, only three tabun-poisoned rats treated with atropine alone survived and five tabunpoisoned rats treated with atropine alone died within 2 hours following tabun administration. The results of the experiments relating to the measurement of tabun-induced neurotoxicity at 24h and 7d following tabun poisoning are summarized in Table 2 and 3. The observation of neurotoxic signs indicated that many functional disorders of poisoned organisms lasted at least 24 hours not only in the non-treated tabun-poisoned rats but also in tabun-poisoned rats treated with atropine alone.
Tabun caused passive behavior of rats during handling and catching, enophthalmus and an increase in lacrimation, salivation and nose secretion at 24 h following its administration. The exploratory activity was significantly decreased, gait and mobility were severely impaired and tonic convulsions were observed.
In addition, no reactions were observed during a reflex testing consisting of the recording of each rat`s response to the frontal approach of the blunt end of a pen, a touch of the pen to the posterior flank and an auditory clic stimulus. No responsiveness to a pinch on the tail nor the ability of pupils to constrict in response to light was demonstrated. A significant decrease in the distance between hindpaws after a jump, forelimb and hindlimb grip strength, food receiving, body temperature and spontaneous horizontal as well as vertical motor activity were also observed at 24 h following tabun challenge (Tab. 2).
All three oximes tested in combination with atropine were able to eliminate some tabun-induced signs of neurotoxicity observed at 24 hours following tabun challenge with the exception of the passive behavior of rats during handling and catching, ataxia, a decrease in the ability of pupils to constrict in response to light, forelimb and hindlimb grip strength, food receiving and spontaneous horizontal as well as vertical motor activity (Tab. 2).
Practically all the signs of tabun-induced neurotoxicity in tabun-poisoned rats non-treated or treated with atropine alone were also observed at 7 days following tabun administration. While trimedoxime and K027 in combination with atropine were able to eliminate almost all signs of tabun-induced neurotoxicity, tabun-poisoned rats treated with K048 in combination with atropine showed passive behavior during handling and catching and the impairment of gait and mobility (Tab. 3).
DISCUSSION
In the case of the treatment of tabun-poisoned rats with atropine alone, the elimination of tabuninduced neurotoxic effects at 24 h as well as 7 d following soman challenge was not observed. Thus, atropine alone w as not able to prevent tabuninduced seizures and subsequent neurotoxic effects following exposure to tabun at lethal and supralethal doses because it is considered to be a muscarinic blocker with a relatively low central antimuscarinic activity in comparison with other anticholinergic drugs such as benactyzine, biperiden and scopolamine (Kassa and Koupilová 2000, McDonough et al. 2000 ) .
Therefore, the anticholinergic drugs such as atropine should be combined with a AChE reactivator for the antidotal treatment of tabun poisonings to improve its efficacy, although the central reactivating efficacy of oximes is lower compared to their peripheral reactivating efficacy due to their poor penetration into the central nervous system (Kassa 2002) . Pralidoxime, a commonly available oxime for the treatment of poisonings with highly toxic organophosphates (Dawson 1994) , seems to be practically ineffective in preventing tabun-induced neurotoxicity (Kassa and Krejcova 2003) . Another currently used oxime (obidoxime) is a ble to partly eliminate tabuninduced acute neurotoxicity following i.m. administration of tabun at a lethal dose; nevertheless, its neuroprotective efficacy is not satisfactory (Kassa and Krejcova 2003) . The oxime HI-6, produced and introduced by some countries for the antidotal treatment of severe acute poisonings with soman because of its higher reactivation and therapeutical efficacy compared to currently used oximes such as pralidoxime and obidoxime (Dawson 1994, Kassa and Cabal 1999a) , was demonstrated to be significantly less efficacious in eliminating tabun-induced acute neurotoxicity than obidoxime (Kassa and Krejcova 2003) . The unsatisfactory efficacy of the above mentioned oximes in eliminating tabun-induced acute neurotoxicity can be explained by the very low potency of these oximes in reactivating tabuninhibited AChE in vitro as well as in vivo (Jokanovic et al. 1996 , Puu et al. 1986 , Worek et al. 1998 . The reason for their weak reactivation potency seems to be the presence of a free electron pair located on amidic nitrogen that makes the nucleophilic attack of oximes very difficult (Eto 1976) . Therefore, new oximes have been developed to increase the reactivating potency as well as the neuroprotective efficacy of the antidotal treatment of acute tabun poisonings.
Our results demonstrate that the newly developed oximes (K027, K048) as well as trimedoxime appear to be more effective in eliminating tabun-induced acute neurotoxicity in rats than previously tested oximes, although neither are able to completely eliminate tabun-induced signs of neurotoxicity in the case of lethal tabun poisoning. Thus, they seem to be more promising oximes for the antidotal treatment of lethal tabun poisonings than currently used oximes such as pralidoxime, HI-6 and obidoxime (Kassa and Kunesova 2006) . Trimedoxime, a relatively weak reactivator of soman-inhibited AChE, is a promising reactivator of tabun-inhibited AChE according to previously published data (Cabal et al. 2004) . The reason for its relatively high efficacy is probably the special chemical structure of its molecule. T he stereochemical arrangement of oximes can play a role in the difference in the therapeutic efficacy of oximes against tabun Bajgar 1999, Patocka et al., 2005) . Both newly developed oximes (K027, K048) also seem to be promising reactivators of tabun-inhibited AChE Kassa 2003, Kuca and ; nevertheless, the difference in reactivating efficacy between the newly developed (K027, K048) and currently available (obidoxime, trimedoxime) oximes is not so high as to think about replacement of the currently used oximes in the treatment of acute tabun poisonings (Kassa et al. 2005 ).
In conclusion, there is no broad spectrum oxime able to satisfactorily counteract the acute toxic effects of all nerve agents. The oxime HI-6 is the most efficacious oxime in reactivating soman or cyclosarin-inhibited AChE and in protecting soman or cyclosarin-exposed mammals from their acute toxic effects (Kassa and Cabal 1999a,b, Kassa 2002) ; nevertheless, it is not efficacious enough to protect tabun-exposed animals from tabun-induced neurotoxicity (Kassa and Krejcova 2003) . Trimedoxime and the newly developed oximes K027 and K048 are not suitable oximes for the treatment of cyclosarin poisonings because they are not sufficiently effective in reactivating cyclosarininhibited AChE and eliminating cyclosarin-induced toxic effects (Kassa and Cabal 1999b , Kuca and Kassa 2003 . On the other hand, they seem to be the most promising oximes among known oximes for the antidotal treatment of acute tabun poisoning in mammals because of their reactivating and neuroprotective potency (Kassa and Kunesova 2006 , Kassa et al. 2005 .
